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Description 
Zebrafish Assay 

Cross Reference to Related Applications 

[0001] This application claims the benefit of U.S. Provisional Ap- 
plication 60/427,753, filed November 20, 2002, the con- 
tents of which are incorporated herein by reference. 
Federal Research Statement 

[0002] [Federal Research Statement Paragraph]This invention was 
made with United States Government support under award 
number 1K08HL068711-01 awarded by the National In- 
stitutes of Health. The United States Government has cer- 
tain rights in the invention. 
Background of Invention 

[0003] Side effects, e.g., cardiovascular (CV)-related side effects, 
of pharmaceutical agents can cause significant and often 
unpredictable clinical problems. For example, prolonga- 
tion of the QT interval is an undesired and often unantici- 
pated side effect of many cardiac and non-cardiac drugs, 
as it predisposes the patient to the potentially fatal ar- 



rhythmia Torsades de Pointes (TdP). Several pharmaceuti- 
cal agents have been withdrawn from the U.S. market due 
to TdP. Many medications only cause QT prolongation 
when administered in combination with other drugs. QT 
prolongation can occurs as a result of inherited mutations 
in ion channel genes, or more commonly as a conse- 
quence of drugs that affect cardiac repolarization [1, 2]. 
[0004] Model systems for either IKr blockade or QT prolongation 
include m vzfro assays using cells which have been engi- 
neered to express KCNH2 and patch-clamping to directly 
measure the IKr current in the presence and absence of 
the drug in question. Voltage sensitive dyes have also 
been employed in such cells to detect changes in the time 
course of depolarization and repolarization. Whole animal 
systems such as guinea pigs, rabbits, or dogs are also 

used to evaluate drug induced cardiotoxity. 
Summary of Invention 

[0005] The invention is based, in part, on the discovery that the 
zebrafish larva provides an effective invivo model system 
to screen for physiological effects, e.g., side effects, of 
pharmaceutical agents on an organ system, e.g., the car- 
diovascular system, renal system, neurobehavioral system, 
or other assayable system of the zebrafish. For example, 



the inventors have found that the cardiovascular, e.g., 
cardiotoxic, effect of an agent, e.g., a drug, e.g., a small 
molecule drug, on the developing zebrafish cardiovascular 
(CV) system can predict the effects of the agent on the CV 
system in humans. The inventors have developed a sim- 
ple, high throughput, m vivo whole animal assay to evalu- 
ate compounds for their effect on cardiovascular function, 
e.g., heart rate. The assay can be used to evaluate, e.g., 
toxicity of a compound, drug interaction between a plu- 
rality of compounds, effects of metabolites of a com- 
pound, and/or absorption parameters of a compound, 
e.g., as they relate to CV function. 
[0006] Accordingly, in one aspect the invention features a 

method of evaluating an agent, e.g., evaluating (e.g., pre- 
dicting) an effect of a test agent, e.g., a small molecule, 
on a parameter of heart function (such as a parameter of 
heart contractility) in a subject, e.g., a human. The 
method includes: contacting a zebrafish, preferably a 
larva, with a test agent; and evaluating a parameter of 
heart function, e.g., heart rate; ejection fraction, repolar- 
ization, or conduction velocity, in the zebrafish. Prefer- 
ably, the parameter of heart function is compared to a 
reference value, e.g., a baseline value or a control. The 



method can include correlating the effect of the agent on 
the zebrafish with a predicted effect of the agent on a 
mammal, e.g., a human, e.g., by providing, (e.g., to the 
government, a health care provider, insurance company or 
patient) informational, marketing or instructional material, 
e.g., print material or computer readable material (e.g., a 
label), related to the agent or its use, identifying the effect 
of the agent as a possible or predicted effect of the agent 
in a mammal, e.g., a human. The method can include 
identifying the agent as a cardiotoxic agent, e.g., in hu- 
mans, if it causes a change in the parameter compared to 
a reference. The identification can be in the form of infor- 
mational, marketing or instructional material, e.g., as de- 
scribed hereinabove. In one embodiment, the method in- 
cludes correlating a value for the evaluated parameter 
with cardiotoxicity or probability of cardiotoxicity, e.g., 
generating a dataset correlating a value for the evaluated 
parameter with cardiotoxicity or probability of cardiotoxi- 
city. 

[0007] The zebrafish is preferably a developing zebrafish, e.g., a 

pre-innervation larva. 
[0008] In a preferred embodiment, the method (as well as other 

related methods described herein) can be performed in an 



array. For example, a plurality of zebrafish in an array are 
contacted, e.g., with different agents, different concentra- 
tions of the same agent, or the same agent in combination 
with different second agents. 
[0009] In a preferred embodiment, the parameter of heart func- 
tion is heart rate (HR). A change, e.g., an increase or de- 
crease in HR can be evaluated, e.g., by observing the ze- 
brafish heart rate, e.g., by conventional light microscopy. 
A quantitative or qualitative change in HR can be evalu- 
ated. In one embodiment, the zebrafish heartbeat is 
recorded (e.g., optically, e.g., by video microscopy) and 
the evaluation of the effect of the agent on HR performed 
by analyzing the recording. In one embodiment, the heart 
rate can be visually detected and measured from the 
recording by one of ordinary skill in the art. In another 
embodiment, HR is obtained by measuring the average 
pixel intensity or density throughout a specified region of 
the heart, e.g., the atrium or ventricle, for a given time in- 
terval, and measuring the time between peaks. In a pre- 
ferred embodiment, the evaluation is automated for high 
throughput, e.g., by processing of recordings with any 
imaging software known in the art, e.g., Meta- 
morph®software. 



[0010] In another embodiment, heart rate can be evaluated by 
detecting, e.g., measuring the QT interval, e.g., using a 
dye, e.g., a voltage sensitive dye. The parameters of heart 
function, e.g., heart rate, ejection fraction, repolarization, 
or conduction velocity, can also be evaluated by other 
techniques known to one of ordinary skill in the art. For 
example, ejection fraction and conduction velocity can be 
evaluated, e.g., by processing of recordings with any 
imaging software known in the art, e.g. Metamorph®; re- 
polarization can be evaluated, e.g., measured, by electro- 
cardiographic recording. 

[0011] The parameter of heart function can also be evaluated by 
performing an EKG on the zebrafish and detecting 
changes in the P wave, PR interval, PR segment, QRS com- 
plex, ST Segment, QT interval and/or T wave of the EKG. 
Rottbauer et al. (2001) Developmental Cell, Vol 1, 
265-275, describe a method for recording an EKG in the 
zebrafish. A parameter of heart function, e.g., blood flow, 
can also be detected by injection of a detectable sub- 
stance, e.g., a fluorescent compound, e.g., fluorescent 
beads, into the circulation, to allow direct visualization of 
the zebrafish circulation. Another technique can include 
soaking the embryo in a contrast agent, e.g., a Bodipy- 



ceramide contrast agent, and then estimating ejection 
fraction by measuring tlie area of tlie ventricle in diastole 
vs. systole. Circulation can also be visualized using a 
transgenic zebrafish line that expresses GFP (or other flu- 
orescent protein) in red blood cells. 

[0012] In one embodiment, the zebrafish is a transgenic ze- 
brafish that expresses a detectable marker in a cell of the 
heart. For example, the zebrafish contains a transgene 
that includes a nucleic acid sequence encoding a de- 
tectable marker under control of a tissue specific, e.g., 
heart specific, regulatory region. In a preferred embodi- 
ment, the detectable marker is a fluorescent protein, e.g., 
green fluorescent protein (GFP), enhanced GFP (EGFP), 
DsRed, or other naturally occurring or modified chro- 
mophore. In a preferred embodiment, the heart-specific 
regulatory region is a heart specific promoter or enhancer, 
e.g., a cardiac myosin promoter, e.g., a cardiac myosin 
heavy chain (cmhc) or light chain (cmlc) promoter. In a pre- 
ferred embodiment, the promoter is a cmlc promoter or 
functional fragment thereof, e.g., a promoter described 
herein, e.g., a sequence that includes SEQ ID N0:1. 

[0013] In another embodiment, the zebrafish has a tissue or or- 
gan that is tagged, e.g., fluorescent, thereby allowing 



more sensitive visualization of the tissue or organ. For ex- 
ample, the zebrafish comprises a heart-specific regulatory 
region (e.g., a heart-specific regulatory region described 
herein) operably linked to a nucleotide sequence encoding 
a fluorescent polypeptide, such as GFP, EGFP, or other 
naturally occurring or modified chromophore that can be 
used as a fluorescent marker. In such embodiments, the 
method can include steps for processing images of the 
fluorescent tissue (such as a series of images of fluores- 
cent zebrafish tissues or organs). Such steps can include: 
scanning an array to identify each of a plurality of fluores- 
cent regions (corresponding to regions of fluorescent 
hearts) whose maximum intensity is above a control value; 
optionally recording (e.g., by video recording) each of the 
identified regions for a specified time; calculating the av- 
erage intensity through time for each of the plurality of 
fluorescent regions; and generating a dataset of the aver- 
age intensity through time (periodicity) for each of the 
plurality of fluorescent regions. The processing steps can 
be implemented on a computer readable medium com- 
prising a program which causes a processor to perform 
the steps of the processing method, or on an apparatus 
comprising a computer readable medium storing a pro- 



gram that causes a processor to perform the steps of the 
processing method. In one embodiment, a system to im- 
plement the method includes: an input port that receives 
the series of images; a data storage device, operably cou- 
pled with the input port, that stores the images; and a 
processor, operably coupled with the input port and data 
storage device, that registers the images, where the pro- 
cessor performs the processing steps. 

[0014] In some embodiments, the zebrafish is contacted with a 
substance (e.g., a dye, e.g., a voltage sensitive dye) that 
allows more sensitive visualization of the CV system, e.g., 
the heart rate, e.g. the action potential duration. 

[0015] In some embodiments, a parameter of heart function, e.g., 
blood flow, can also be detected by injection of a de- 
tectable substance, e.g., a fluorescent compound, e.g., 
fluorescent beads, into the circulation, to allow direct vi- 
sualization of the zebrafish circulation. 

[0016] In some embodiments, a parameter of heart function, e.g. 
contraction fraction, can also be determined by measuring 
the areas of the ventricle during diastole and systole and 
estimating the output of the heart during each cardiac cy- 
cle according to the following formula : 

[0017] (Ventricular Area - Ventricular Area 

Diastole 



)/Ventricular Area 

Diastole 

[0018] In some embodiments, a parameter of heart function, e.g. 
ejection fraction, can also be determined by measuring 
the areas of the ventricle during diastole and systole and 
using these measurements to estimate the volumes of the 
ventricle during diastole and systole. The volume esti- 
mates are used to estimate the ejection fraction according 
to the following formula. 

[0019] (Ventricular Volume - Ventricular Volume 

Diastole 

)/Ventricular Volume 

systole Diastole 

[0020] In some embodiments, one can circumvent the absorption 
barrier and increase the sensitivity of the assay by per- 
forming the assay on isolated zebrafish hearts or car- 
diomyocytes, (e.g., using a technique for isolating ze- 
brafish hearts or card io myocytes described herein). In 
other embodiments, one can circumvent the absorption 
barrier and increase the sensitivity of the assay by perme- 
abilizing the fish, e.g., using a technique described 
herein. 

[0021] In some embodiments, the method includes a second 
evaluation. In one embodiment, the evaluation of the 
same parameter of heart function can be repeated at least 
once with the same agent. In another embodiment, a dif- 



ferent parameter of heart function is evaluated in the first 
and second evaluation steps. For example, heart rate is 
evaluated in the first evaluation step, and ejection fraction 
is evaluated in the second evaluation step. Similarly, a 
third or fourth evaluation step can be performed. In some 
embodiments, the second (or subsequent) evaluation(s) 
can include evaluating the effect of the same agent at a 
different concentration or the effect of the agent in com- 
bination with a second agent. 

[0022] In some embodiments, the effect of a first test agent is 
evaluated in combination with at least a second test 
agent. In one embodiment, the first and second test 
agents are contacted simultaneously with the zebrafish. In 
another embodiment, the first and second agents are 
contacted consecutively, and the evaluation of the subject 
parameter, e.g., HR, performed before, after, and/or be- 
tween contacting of the first and second agent. In one 
embodiment, the first agent may be removed before the 
second agent is contacted. 

[0023] The test agent can be any compound that is used or is be- 
ing considered for use as a pharmaceutical agent, includ- 
ing a small molecule, DNA molecule, RNA molecule or 
polypeptide. In a preferred embodiment, the agent is a 



small molecule, e.g., a small chemical molecule. The test 
agent can be an antihistamine, antibiotic, antipsychotic, 
antiarrhythmic, microtubule inhibitor, hormone, anticon- 
vulsant, antidepressant, analgesic, angiogenesis inhibitor, 
antiepileptic, neurostimulant, or chemical with an un- 
known physiological target or function. 

[0024] In one embodiment, the test agent is added to the culture 
medium of the zebrafish. In other embodiments, the test 
agent (e.g., a hydrophilic molecule or a large molecule, 
e.g., a protein or DNA or RNA molecule) is injected into 
the zebrafish, e.g., into the yolk sac, into any embryonic 
cell or cells, or into the pericardium. 

[0025] In one embodiments, the zebrafish has a genetic alter- 
ation in one or more genes related to heart function, e.g., 
in an ion channel component gene; a calcium channel or 
potassium channel gene. Such genes are described, e.g., 
in Warren et al., 2000, Philos Trans R Soc Lond B Biol Sci. 
355(1399):939-44; and Chen et al.. Development, 1996, 
123:293-302. For example, the zebrafish can have a ge- 
netic alteration in the KCNH2, KCNE2 or cytochrome P 
gene. The genetically altered zebrafish can be genetically 
engineered or can be a naturally occurring or chemically 
induced mutant. The genetically altered zebrafish can 



have a more sensitive drug response or a less sensitive 
drug response and can increase specificity of the re- 
sponse. 

[0026] In one embodiment, a transgenic zebrafish expresses a 
wild-type or mutant protein(s) in the embryonic heart. In 
one embodiment, a transgenic zebrafish expresses a pro- 
tein in the embryonic heart under control of a cardiac- 
specific promoter, e.g. the cmlc promoter described 
herein, that increases or decreases the sensitivity of the 
heart to agents that prolong the QT interval in humans. 
For example, the transgenic zebrafish may overexpresses 
KCNH2 and/or KCNE2 proteins. 

[0027] In some embodiments, the culture media of the zebrafish 
is standard media, e.g., E3 media. In one embodiment, the 
media is potassium depleted. 

[0028] In one embodiment, the method includes the step of ad- 
ministering the agent to a second zebrafish. In another 
embodiment, the method includes administering the 
agent to a non-zebrafish animal, e.g., a mammal, e.g., an 
experimental rodent or primate. 

[0029] In one embodiment, the agent is metabolized by the ze- 
brafish, e.g., by the kidney, gastrointestinal tract, or liver 
of the zebrafish. 



[0030] jhe zebrafish assays described herein are adaptable to 
read out any biological activity that might manifest as a 
change in heart rate. For example, the assay could be 
readily adapted to screen for drugs that have specific ef- 
fects on the activity of any of the cytochrome p450s, e.g., 
cytochrome p450s which interact with cardioactive drugs 
or cytochrome p450 inhibitors. 

[0031] Jhe method can also be used to predict clinical implica- 
tions of pharmaceutical agents by assaying changes in any 
other system of the zebrafish, e.g., zebrafish larva, that is 
readily detectable or assayable in the whole animal (e.g., 
by optical visualization), e.g., the kidney, liver, Gl tract, or 
neurobehavioral system. 

[0032] Each of these embodiments is equally applicable to other 
aspects and methods described herein. 

[0033] In another aspect, the invention features a method of 
evaluating an agent, e.g., determining if a test agent is 
cardiotoxic. The method includes: contacting a zebrafish, 
preferably a developing zebrafish, with a test agent; and 
determining if the test agent causes an arrhythmia (e.g., 
bradycardia or tachycardia) in the zebrafish, wherein the 
test agent is identified as a cardiotoxic agent if it causes 
arrhythmia. The cardiotoxicity (or lack thereof) of the 



agent in the zebrafish is correlated witli possible or pre- 
dicted cardiotoxicity in humans. 

[0034] In one embodiment, the determining step includes mea- 
suring the heart rate of the zebrafish as compared to a 
reference or control value, e.g., a known baseline value, 
the heart rate of the zebrafish before treatment, or a dif- 
ferent untreated zebrafish. Bradycardia, as used herein, is 
a measurable decrease in heart rate. Tachycardia, as used 
herein, is a measurable increase in heart rate. 

[0035] In one embodiment, the method includes generating a 
dataset correlating the determination of arrhythmia with 
cardiotoxicity or a probability of cardiotoxicity of the 
agent. 

[0036] In another embodiment, the determining step includes 

evaluating the QT interval in the zebrafish. Preferably, the 
QT interval is compared to a reference value, e.g., a base- 
line value or a QT interval of a control zebrafish. An agent 
that decreases or decreases the QT interval by a measur- 
able amount is identified as a cardiotoxic agent. For ex- 
ample, an agent that increases or decreases the QT inter- 
val by at least 1%, preferably at least 2%, more preferably 
at least 5%, 10%, 15%, 20% or more, is identified as a car- 
diotoxic agent. 



[0037] In another aspect, the invention features a method of 

evaluating the effect of a plurality of compounds on a pa- 
rameter of heart function. The method includes contacting 
a zebrafish with a plurality of compounds, and evaluating 
a parameter of heart function in the zebrafish, e.g., heart 
rate; ejection fraction, repolarization, or conduction ve- 
locity. Preferably, the parameter is compared to a refer- 
ence value, e.g., a baseline value or a control. In one em- 
bodiment, the method includes generating a dataset cor- 
relating each of the plurality of compounds with a value 
corresponding to the parameter evaluated, and optionally 
correlating each value with cardiotoxicity (or a probability 
of cardiotoxicity) or lack thereof. 

[0038] The plurality of compounds can be contacted with the ze- 
brafish simultaneously or separately. In one embodiment, 
a first compound of the plurality is contacted, an evalua- 
tion is performed, a second compound of the plurality is 
contacted, and a second evaluation is performed. In an- 
other embodiment, the plurality of compounds is con- 
tacted with the zebrafish together, e.g., simultaneously or 
nearly simultaneously, before an evaluation is performed. 
In one embodiment, a first compound of the plurality is 
removed before a second compound of the plurality is 



contacted. The time between the contacting of the first 
and second compounds of the plurality can, e.g., 15, 30, 
45 seconds, or more, e.g., 1, 2, 3, 4, 5 or 10, 30 minutes, 
an hour or more. 

[0039] In one embodiment, one of the plurality of compounds is 
a hormone, e.g., progesterone. 

[0040] In another aspect, the invention features a method of 

evaluating the effect of a plurality of different treatments, 
e.g., a plurality of different compounds; a compound at a 
plurality of different concentrations or dosages; a com- 
pound in combination with a plurality of different second 
agents. The method includes: (a) providing an array of a 
plurality of individual regions, wells or addresses, each 
region, well or address of the plurality comprising a ze- 
brafish (e.g., a zebrafish larva) being provided with a test 
treatment that differs from those at other regions, wells or 
addresses of the plurality; and (b) evaluating a parameter 
related to heart function of the zebrafish at each of the 
plurality of regions, wells or addresses. The method can 
include the use of microscopy, e.g., light microscopy, e.g., 
video light microscopy, to detect and record the effect of 
the different treatments on the zebrafish CV system. The 
method can also include an array member to contact the 



plurality of treatments with each of the plurality of re- 
gions, wells or addresses. Contacting the zebrafish with 
the treatments can be performed by, e.g., administering a 
compound to the culture media of the zebrafish; or inject- 
ing a compound into the zebrafish e.g., into the yolk sac, 
into any embryonic cell or cells, or into the pericardium. 
The parameter, e.g., heart rate, ejection fraction, repolar- 
ization, or conduction velocity can be evaluated by tech- 
niques known in the art, e.g., as described herein. 
[0041] In a preferred embodiment, the array includes at least 4 
addresses, more preferably 8, 16, 32, 64, 96, 128 or 384 
addresses. 

[0042] This method can be used to provide a high throughout 

assay for evaluating the cardiac effects of drugs or combi- 
nations of drugs. In one embodiment, the method in- 
cludes generating a dataset providing any one or more of: 
a value for the evaluated parameter for each of the plural- 
ity of wells, regions or addresses; a value for the probabil- 
ity of cardiotoxicity for the treatment at each of the plu- 
rality of wells, regions or addresses. 

[0043] In another aspect, the invention features a method of 
identifying a gene that affects a drug response. The 
method includes: (a) providing a test zebrafish having a 



genetic alteration in a gene (e.g., a genetically engineered 
or chemically mutated zebrafish); (b) contacting the test 
zebrafish with a drug, e.g., a small molecule drug; and (c) 
evaluating a parameter of heart function, e.g., heart rate, 
of the test zebrafish, wherein if the parameter (e.g., heart 
rate) of the test zebrafish, compared to a wildtype ze- 
brafish, is increased or decreased, the gene is identified 
as a gene that affects a drug response. 

[0044] In a preferred embodiment, the test zebrafish has de- 
creased heart rate in response to the drug compared to a 
wildtype zebrafish, e.g., the test zebrafish is more sensi- 
tive to a QT prolonging drug than a wildtype zebrafish. 
Such zebrafish can be used in other assays described 
herein to increase the sensitivity of the assay. 

[0045] In a preferred embodiment, the method further includes 
determining if the increase or decrease in drug response 
is heritable (e.g., by growing the positive test zebrafish) 
and positionally cloning the gene using standard tech- 
niques. Once a gene or genetic alteration that affects a 
drug response is so identified, a human homolog can be 
identified by conventional techniques. A patient can then 
be screened for the presence or absence of the subject 
gene or genetic alteration (e.g., polymorphism or muta- 



tion). This information can be used to determine wlietlier 
the patient is susceptible to cardiotoxic side effects of a 
particular drug or combination of drugs. 

[0046] In a preferred embodiment, the method further includes 
any one or more of: identifying the gene or genetic alter- 
ation, isolating the gene or the genetic alteration, cloning 
the gene or genetic alteration, sequencing the gene or ge- 
netic alteration, or detecting a difference in gene expres- 
sion in the positive test zebrafish compared to wildtype. 

[0047] In another aspect, the invention features a method of de- 
tecting a zebrafish mutant having a response to an agent 
or a phenotype characterized by a change in the morphol- 
ogy or movement of an organ or tissue, e.g., the heart, Gl 
tract, liver or kidney. The method includes providing a 
test zebrafish larva; and examining the zebrafish larva 
with an optical recording device, optionally connected to a 
computer, to detect the change in morphology or move- 
ment. In a preferred embodiment, the change is a change 
in a periodic movement, e.g., heart rate. The method can 
include the use of an array of a plurality of test zebrafish, 
as described herein. 

[0048] In one embodiment, the zebrafish is contacted with a 

compound (e.g., a detectable substance, e.g., a fluores- 



cent compound, e.g., fluorescent beads, or a dye, e.g., a 
voltage sensitive dye) that allows more sensitive visualiza- 
tion of zebrafish organs. 

[0049] In one embodiment, the zebrafish comprises a fluorescent 
tissue or organ, e.g., as described herein, thereby allow- 
ing more sensitive visualization of the tissue or organ. For 
example, the zebrafish comprises a heart-specific regula- 
tory region operably linked to a nucleotide sequence en- 
coding a fluorescent polypeptide, such as GFP, EGFP, or 
other naturally occurring or modified chromophore that 
can be used as a fluorescent marker. 

[0050] In another aspect, the invention features a method for 

processing a series of fluorescent images in an array (such 
as a series of images of fluorescent biological tissues, or- 
gans or organisms, e.g., zebrafish or zebrafish organs or 
tissues). The method includes: scanning the array to iden- 
tify each of a plurality of fluorescent regions whose maxi- 
mum intensity is above a control value; optionally record- 
ing (e.g., by video recording) each of the identified re- 
gions for a specified time; calculating the average inten- 
sity through time for each of the plurality of fluorescent 
regions; and generating a dataset of the average intensity 
through time (periodicity) for each of the plurality of fluo- 



rescent regions. The invention also features a computer 
readable medium comprising a program which causes a 
processor to perform the steps of the processing method. 
Also featured is an apparatus comprising a computer 
readable medium storing a program that causes a proces- 
sor to perform the steps of the processing method. The 
invention also features a system for processing a series of 
images. The system includes: an input port that receives 
the series of images; a data storage device, operably cou- 
pled with the input port, that stores the images; and a 
processor, operably coupled with the input port and data 
storage device, that registers the images, where the pro- 
cessor performs the steps of the processing method. 
[0051] In another aspect, the invention features an isolated nu- 
cleotide sequence that includes SEQ ID N0:1 (and a vector 
and host cell that includes the isolated nucleotide se- 
quence). SEQ ID N0:1 is a fragment of the regulatory re- 
gion of the zebrafish cardiac myosin light chain (cmlc) gene. 
SEQ ID N0:1 is necessary and sufficient to drive cardiac 
specific expression in zebrafish, e.g., in embryonic car- 
diomyocytes. A nucleotide sequence comprising SEQ ID 
N0:1 can be operably linked to a heterologous protein, 
e.g., a marker protein, e.g., a fluorescent marker such as 



CFP, EGFP, DsRed or other chromophore, to drive expres- 
sion of fluorescent proteins in tlie myocardial cell nucleus, 
cytoplasm, at the myocardial cell and/or at the plasma 
membrane. It is understood that a nucleotide sequence 
having a limited number of additional nucleotides found 
in nature at the 5' and/or 3' end of SEQ ID N0:1 could also 
be used. For example, a promoter fragment that includes 
SEQ ID N0:1 and less than 10000, preferably less than 
8000, 5000, 1000, 750, more preferably less than 500, 
400, 300, 200, 150, 100, 75,50, 30, or fewer, nucleotides 
normally found 5' and/or 3' of SEQ ID N0:1 can also be 
used. 

[0052] In one embodiment, the nucleotide sequence, vector, host 
cell or zebrafish includes SEQ ID N0:1 operably linked to a 
nucleotide sequence encoding a heterologous polypep- 
tide, e.g., a polypeptide not normally expressed in the 
heart, e.g., detectable marker, e.g., a fluorescent protein, 
e.g., GFP, EGFP, EBFP, EYFP, DsRed or modified variants 
thereof. 

[0053] In one embodiment, a construct is provided that includes: 
(a) a first expression cassette having a cardiac promoter, 
e.g., a cardiac promoter described herein, e.g., a cmlc pro- 
moter (e.g., SEQ ID N0:1) operably linked to a sequence 



encoding a detectable marker, e.g., a fluorescent marker 
described herein, e.g., GFP, EGFP, dsRed, dsRedZ, or other 
chromophore, and (b) a second expression cassette hav- 
ing the same promoter as the first cassette, arranged such 
that a nucleotide sequence coding for any protein of in- 
terest can be cloned in an operably linked manner to the 
promoter of the second cassette. For example, the second 
cassette can include the same promoter as the first cas- 
sette, linked to a multi-cloning site (MCS) and a 
polyadenylation signal such that a protein of interest can 
be cloned into the multi-cloning site. The construct is 
useful for co-expressing a protein of interest along with a 
marker protein in a heart tissue. 
[0054] In another aspect, the invention features a method of co- 
expressing a plurality of proteins in a zebrafish heart. The 
method includes injecting a zebrafish (e.g., an embryo) 
with a plasmid that contains at least two expression cas- 
settes in a single DNA construct. Each expression cassette 
includes a regulatory region (e.g., a promoter) from the 
same or different cardiac-specific gene, e.g., a cardiac 
myosin subunit, such as cardiac myosin light chain or 
heavy chain (e.g., MLC2a, e.g., SEQ ID N0:1). In the first 
cassette, the promoter drives expression of a subject pro- 



tein. In the second cassette, the promoter drives expres- 
sion of a detectable marker. The detectable marker serves 
as a marker for the card io myocytes expressing the subject 
protein. The construct is useful for co-expressing a pro- 
tein of interest along with a marker protein in the heart 
tissue. 

[0055] In another aspect, the invention features a method of har- 
vesting (e.g., isolating) zebrafish embryonic hearts and/or 
card io myocytes. The method includes (a) providing a ze- 
brafish (e.g., a zebrafish larva) that carries a nucleotide 
sequence that includes SEQ ID N0:1 operably linked to a 
nucleotide sequence encoding a heterologous polypep- 
tide, e.g., a detectable marker, e.g., a fluorescent protein, 
e.g., CFP, EGFP, EBFP, EYFP, DsRed or modified variants 
thereof; (b) dissociating the zebrafish, e.g., the zebrafish 
embryos (e.g., with a mucolytic agent and protease such 
as collagenase or by mechanical dissociation); and (c) de- 
tecting, selecting, harvesting or isolating the intact heart 
via the detectable marker, e.g., by fluorescence. Alterna- 
tively, intact hearts can be digested to completion with a 
protease and individual GFP+ cardiomyocytes purified 
with fluorescence activated cell sorting. 

[0056] The details of one or more embodiments of the invention 



are set forth in the accompanying drawings and the de- 
scription below. Other features, objects, and advantages 
of the invention will be apparent from the description and 

drawings, and from the claims. 
Brief Description of Drawings 

[0057] FIG. 1 is a graph showing the results of the initial screen 
of 100 biologically active small molecules for their effects 
on the zebrafish HR. HR is plotted as deviation from con- 
trol (at "1"). 

[0058] FIG 2A-D are graphs showing the effect on zebrafish HR 
of: (2A) direct injection of each indicated drug; (2B) anti- 
sense morpholino oligonucleotides directed against ze- 
brafish KCNH2; (2C) interaction of erythromycin and cis- 
apride; and (2D) interaction of cimetidine and terfenadine 

(Figure 2D). 
Detailed Description 

[0059] The inventors have developed a simple, sensitive, high- 
throughput, invivo assay that can predict the cardiac ef- 
fects, e.g., effects on QT interval and heart rate, of phar- 
maceutical compounds, e.g., small molecule drugs, in 
mammals, e.g., humans. As discussed in detail below, ze- 
brafish bradycardia consistently and reproducibly pre- 



dieted clinical repolarization abnormalities and faithfully 
recapitulated the effects of known drug-drug interactions 
on cardiac function for a broad collection of biologically 
active compounds, e.g., small molecules. 

[0060] zebrafish 

[0061] Zebrafish have a full complement of vertebrate organs in- 
cluding a heart, gastrointestinal tract, liver and kidneys. It 
has been found that zebrafish can serve as a proxy for re- 
capitulation and detection of drug-drug interactions, in- 
cluding drug metabolism or drug displacement, that take 
place at many levels in higher animals, such as mammals, 
e.g., humans. The presence of these organs also allows 
for the detection of effects due to active metabolites of 
the primary drugs. 

[0062] The zebrafish has a beating heart with a complex reper- 
toire of ion channels, and functioning metabolism within 
24 hours of fertilization[7]. In addition, dramatic effects 
on HR and function are tolerated by the larval fish which 
survive for 4-5 days without a functioning circulation[8]. 

[0063] It has been found that Danio rerio (zebrafish) can serve as a 
model system to predict the cardiac effects in humans of a 
compound or combination of compounds. In particular, it 
has been found that zebrafish embryos have a marked 



sensitivity to drugs that prolong the QT interval, mani- 
festing as a decrease in heart rate. The transparency of 
the embryo facilitated rapid evaluation of heart rate (HR) 
and rhythm. 

[0064] Cardiac function assay 

[0065] During a screen for the effects of 100 small molecules on 
cardiac function (e.g., heart rate) of the zebrafish, Danio 
rerio, drugs that cause QT prolongation in humans consis- 
tently caused bradycardia and AV block in the zebrafish. 
22 of 23 compounds that cause repolarization abnormali- 
ties in humans caused similar effects in the card iotoxi city 
assay described herein. In addition, classical drug-drug 
interactions between ketoconazole and terfenadine as well 
as erythromycin and cisapride were faithfully reproduced 
in this system. 

[0066] Figure 1 shows the results of the initial screen of 100 bio- 
logically active small molecules for their effects on the ze- 
brafish heart rate (HR). Thirty-six compounds resulted in 
significant bradycardia. 

[0067] Bradycardia previously has been reported as a result of IKr 
blockade in several experimental and clinical situations[6, 
10]. This effect has been attributed to action potential 
prolongation[ll]. Of the 23 known IKr blockers tested in 



the initial screen, 18 caused bradycardia in the zebrafish 
assay. The remaining 5 IKr blocl<er compounds 
(erythromycin, N-acetyl-procainamide (NAPA), pentama- 
dine, procainamide, and sotalol) failed to cause bradycar- 
dia in the initial zebrafish assay. It was deduced that one, 
erythromycin, is absorbed from its interaction with cis- 
apride (see Figure 2C). Poor absorption was determined to 
be the explanation for the lack of effect of the four other 
compounds. This explanation is supported by the hy- 
drophilicity of these molecules, each with a logarithm of 
the octanohwater partition coefficient less than one. Mi- 
croinjection revealed that these compounds cause brady- 
cardia in the zebrafish once the absorption barrier is by- 
passed. Figure 2A demonstrates that bradycardia was 
seen on direct injection of each drug. Vehicle alone 
showed no significant effect on HR compared to unin- 
jected zebrafish. Thus, when the microinjection experi- 
ments are included, 22 of 23 known IKr blocking agents 
were positive in this assay. 
[0068] The hydrophilicity of a drug affects its absorption and 

may lead to false negatives in an initial screen. However, 
this problem appears to be predictable from physico- 
chemical characteristics of these compounds, and can be 



overcome by injection. 

[0069] This example shows that the methods described herein 
can, with over 95% reliability, predict or correlate human 
cardiac response to a compound, e.g., a compound's ef- 
fects on HR. Potassium depletion of the assay medium can 
increase sensitivity to QT prolonging drugs. 

[0070] Zebrafish KCNH2 "Knockdown" experiments 

[0071] Nearly all of the drugs which have caused clinical QT pro- 
longation in the clinic are known to block a specific cur- 
rent in the cardiac muscle cell named IKr (the rapid com- 
ponent of the cardiac delayed rectifier current). This cur- 
rent is carried by a transmembrane channel formed by at 
least two gene products, KCNH2 and KCNE2. The products 
of these genes form a channel through which potassium 
ions can travel resulting in the IKr current. The cycling 
cardiac transmembrane electrical potential is a complex 
phenomenon. Many other membrane channels, additional 
membrane and cytoskeletal molecules and cellular 
metabolism are all known to be important determinants of 
normal and pathological cardiac repolarization. 

[0072] In order to demonstrate a mechanistic link between IKr 

blockade and bradycardia in the zebrafish, "knock-down" 
experiments against the zebrafish ortholog of KCNH2 



were performed. An antisense morpholino injected into 
tlie embryo elicited bradycardia in a dose-dependent 
manner. This result, in conjunction with the observed ef- 
fects of diverse drugs on HR, confirms that IKr blockade 
results in bradycardia in the zebrafish. 

[0073] Figure 2B shows that antisense morpholino oligonu- 
cleotides directed against zebrafish KCNH2 demonstrated 
a dose-dependent effect on HR. Control morpholinos and 
vehicle alone had no effect on HR. 

[0074] Not all molecules which result in bradycardia do so 

through IKr blockade, for example propranolol and cloni- 
dine both reduce HR in this assay. 

[0075] Drug Interactions 

[0076] Increasing amounts of erythromycin potentiated the ef- 
fects of cisapride on HR, demonstrating evidence of drug- 
drug interaction (Figure 2C). A ten-fold decrease in the 
ED50 on HR for cisapride is seen with increasing doses of 
erythromycin. A second example demonstrates the inter- 
action of cimetidine and terfenadine (Figure 2D). 

[0077] The recapitulation of these two canonical drug-drug in- 
teractions in humans demonstrates a major advantage of 
this zebrafish model[12]. Both of these interactions have 
been shown in humans to be pharmacokinetic: the inhibi- 



tion of hepatic metabolism by one drug resulting in in- 
creased levels of the other. Accordingly, this data sup- 
ports the use of the methods described herein for evalu- 
ating pharmacodynamic drug-drug interactions. 

[0078] The heart rate resolution of the system opens the way for 
assays not just of cardiotoxicity, but also for any pathway 
involved in the metabolism of such drugs or other com- 
pounds which interact with these drugs, e.g., in the CYP 
pathways. In one example, one could use molecules that 
have cardiac effects as reporter molecules to screen for 
blockers of specific pathways in any biological process. 

[0079] Pharmacogenomics 

[0080] Human pharmacogenetic studies of cardiac repolarization 
have been largely restricted to the evaluation of candidate 
genes, as more powerful segregation based family studies 
of drug responses are not feasible[15-18]. The ease of 
genetic manipulation in the zebrafish allows the identifi- 
cation of inherited modifiers of drug responses. 

[0081] The assays described herein can be performed with wild- 
type zebrafish or with zebrafish having one or more ge- 
netic alterations. For example, zebrafish having a genetic 
alteration which diminishes or increases the effect of QT 
modulating (e.g., QT prolonging) drugs on the heart rate 



can be screened and identified using tlie metliods de- 
scribed herein. Sucli mutants allow the identification of 
inherited modifiers of drug responses, which can be used 
to identify similar human pharmacogenetic profiles. 
[0082] In another aspect, such mutants are of use for, e.g., 1) in- 
creasing the sensitivity of the assay (e.g., using mutant 
zebrafish that display increased response to the QT pro- 
longing medications) and 2) increasing the specificity of 
the assay (e.g., using mutant zebrafish with diminished or 
no response to QT prolonging medications to prove that a 
given bradycardic effect is not due to an alternative mech- 
anism). 

[0083] In addition, differences in the mechanisms of action of IKr 
blockers may be addressed with this whole animal model. 
The development of sensitized or resistant zebrafish 
strains may improve the specificity of this system. The 
observation that progesterone causes bradycardia, indi- 
cates that gender differences in drug-induced repolariza- 
tion effects may also be accessible[14]. 

[0084] Methods of making transgenic zebrafish are routine in the 
art and are described, e.g., in Stuart et al. (1988) Develop- 
ment 103(2):403-12; Stuart et al. Development (1990) 
109(3):577-84; Gulp et al. (1991) Proc Natl Acad Sci U S A 



88(18):7953-7; U.S. Patent No. 6,380,458 (making of ze- 
brafish that express transgenes in tissue (e.g., 
heart)-specific or developmentally (e.g., embryoni- 
cally)-specific patterns). 

[0085] Processing Techniques 

[0086] In any of tlie metliods described lierein, a system con- 
troller can include hardware, software, or a combination 
of both to determine and evaluate high-resolution images 
of the zebrafish, e.g., fluorescent or non-fluorescent ze- 
brafish. Program code is applied to input data to perform 
the functions described herein and generate output infor- 
mation. The output information is applied to one or more 
output devices such as a display monitor. For example, 
the evaluation of a parameter of heart function, e.g., heart 
rate, can be implemented in computer programs using 
standard programming techniques. Such programs are 
designed to execute on programmable computers or ded- 
icated integrated circuits, each comprising a processor, a 
data storage system (including memory and/or storage 
elements), at least one input device, and least one output 
device, such as a display or printer. The program code is 
applied to input data (e.g., the recorded images from a 
camera, e.g., a CCD camera) to perform the functions de- 



scribed herein and generate output information (e.g., tlie 
higli-resolution images), wliicli is applied to one or more 
output devices. Eacli sucli computer program can be im- 
plemented in a high-level procedural or object-oriented 
programming language, or an assembly or machine lan- 
guage. Furthermore, the language can be a compiled or 
interpreted language. Each such computer program can 
be stored on a computer readable storage medium (e.g., 
CD ROM or magnetic diskette) that when read by a com- 
puter can cause the processor in the computer to perform 
the analysis described herein. 

[0087] Although methods and materials similar or equivalent to 
those described herein can be used in the practice or test- 
ing of the present invention, suitable methods and mate- 
rials are described below. All publications, patent applica- 
tions, patents, and other references mentioned herein are 
incorporated by reference in their entirety. In case of con- 
flict, the present specification, including definitions, will 
control. In addition, the materials, methods, and examples 
are illustrative only and not intended to be limiting. 

[0088] Other features and advantages of the invention will be ap- 
parent from the following detailed description, the draw- 
ings, and the claims. 



[0089] EXAMPLES 

[0090] Example 1 : Zebrafish Heart Rate Assay 

[0091] This example illustrates administration of test agents to 
zebrafish larvae, and evaluation of heart rate. 

[0092] Aquaculture 

[0093] TubingenAB zebrafish embryos were reared in E3 Media 

(5mM NaCI, 0.17mM KCI, 0.33mM MgCI2, O.BBmM CaCI2). 
At 24 hours post fertilization (hpf) the embryos were dis- 
tributed into 96 well plates, 3-5 embryos per well with 
250ml of E3 supplemented with phenylthiourea at 0.03g/l 
to inhibit pigmentation. 

[0094] Determination of Small Molecule Effects on Heart Rate and Evalua- 
tion of Heart Rate Measurement: 

[0095] At 48hpf compounds were added to the wells from 

dimethylsulfoxide (DMSO) stocks so that the final concen- 
tration of DMSO remained < 2%. DMSO alone was used as 
a control. HR measurement: 15 second video recordings 
were obtained from each well using a Nikon TE200 micro- 
scope fitted with a computer controlled stage, and a 
Hamamatsu ORCA-ER camera. One hundred twenty-eight 
frames with an exposure time of 90ms were recorded for 
each video. Digital movies were taken for each well, one 



from each quadrant. These video clips were stored digi- 
tally. 

[0096] Offline analysis was performed with commercially avail- 
able imaging software (Metamorph Software, Universal 
Imaging). The average pixel density was measured for a 
region of interest over the heart, and these densities were 
plotted against time. The results were exported in a text 
file into a standard spreadsheet program (Microsoft Ex- 
cel). The frequency spectrum was plotted and the peak 
was reported in a spreadsheet. Manual review of both time 
domain and frequency domain data as well as the peak 
frequency was performed to ensure the validity of the 
data. Fast-Fourier Transform was performed to determine 
HR. Because some compounds elicited AV block, while 
others slowed both the atrial and ventricular rates, the 
ventricular rate was chosen as the most sensitive index of 
HR effect. Each compound was tested at 1, 10, and 100 
mcg/ml and the highest, non-lethal concentration chosen 
for HR effect. A two-tailed Student's t-test was performed 
to determine statistical significance. 

[0097] Microin jections 

[0098] Micopipettes were pulled on a Sutter JT-8. Zebrafish lar- 
vae at 48hpf were anesthetized using tricaine and 



lOmg/ml stock solutions of each compound dissolved in 
Danieau's solution (58mM NaCI, 7mM KCI, 0.4 mM 
MgS04, 6 mM Ca(N03)2, 5.0 mM HEPES pH 7.6) were in- 
jected into the yolk sac. Pressure was adjusted to deliver 
approximately 5nL. The fish were allowed to recover for 4 
hours before recording HR. 

[0099] Approximately 5nL of the morpholino antisense oligonu- 
cleotide diluted in Danieau's solution at the concentra- 
tions shown were injected into the zebrafish embryo at 
the single cell stage[9]. The zebrafish KCNH2 morpholino 
was directed against the splice donor site of the sixth 
exon of the zebrafish KCNH2 ortholog 
(5 -CCGTCGTACAGGCATGTTGTCCTA -3'). 

[0100] Results are shown in Figs. 1 and 2. 

[0^0^] Example 2: Transgenic Zebrafish 

[0102] This example illustrates the making of a transgenic ze- 
brafish that can be used in the methods described herein. 

[01 03] A 5 . 1 Kb fragment of the cardiac myosin light chain (cmlc) 
regulatory region was used to drive expression of GFP 
specifically to myocardial cells in both cardiac chambers 
of the zebrafish. Expression is mosaic in the heart in 
founders and uniform after germ-line transmission. These 



zebrafish can be used in the methods described herein to 
evaluate parameters of heart function though detection of 
the fluorescent larval heart. 
[0104] jhe minimal promoter sequence of the zebrafish cmlc 
gene was identified by conventional techniques. A 150 
base pair fragment of the promotor region (SEQ ID N0:1) 
is necessary and sufficient for driving embryonic cardiac 
expression: 

[01 05] CTCCCCCTCCCCATCTGCACACTTTATCTCATTTTCCACC- 
CTGCTCGAATCT GAGCACTTGTCCACTTATCAGGGCTCCT- 
GTATTTAGGAGGCTCTGGGTGTC CATGTAGGGGACGAACA- 
GAAACACTGCAGACCTTTATAGAAGAACAA (SEQ ID NO: 1) 

[0106] This fragment can be used to drive expression of GFP 

specifically to myocardial cells in both cardiac chambers 
of the zebrafish as well. 

[01 07] Example 3: High throughout assay using transgenic zebrafish 

[0108] This example illustrates the performance of the methods 
described herein in a high-throughput format, using ze- 
brafish having fluorescent heart tissue. 

[0109] General Pr\nc\Q\e: General Principle: 

[0110] Transgenic zebrafish embryos that express GFP in the 

heart, as described herein, are arrayed into 96-well plates 



at 3+ embryos per well. The plate is systematically 
scanned with a NIKON TE 200 microscope equipped with 
an automated stage and controlled by Metamorph® soft- 
ware (Universal Imaging Corporation). Metamorph journals 
(macros) allow for automatically scanning the entire plate, 
identifying and imaging each fluorescent heart, and using 
measurements from the images to calculate individual 
heart rates. The heart rates are outputted in such a way 
that allows for the rapid identification of wells that contain 
embryos with rates that are abnormally high or low. This 
system quickly identifies chemicals and/or genetic muta- 
tions that increase or decrease embryonic heart rates. 
[0111] MLC2a::mGFP5 transgenic zebrafish: 

[0112] Standard methods (Cilmour et al. (2002). Manipulating Gene 
Expression in Zebrafish. In Zebrafish, C. Nusslein-Volhard 
and R. Dahm, eds. (Oxford, UK: Oxford University Press)) 
were used to create zebrafish that express green fluores- 
cent protein (GFP) uniformly in embryonic atrial and ven- 
tricular card io myocytes beginning at 24 hours post- 
fertilization and beyond day 5. 

[0113] The zebrafish myosin light chain 2a promotor is used to 
drive expression of GFP. Although transient expression of 
proteins following injection of DNA is mosaic, uniform ex- 



pression can be achieved by generating stable transgenic 
zebrafish that contain the transgene integrated into the 
zebrafish genome (Cilmour et al., supra). Stable transgenic 
zebrafish are generated by injecting one-cell stage em- 
bryos with the transgene, raising the injected embryos to 
sexual maturity, and then screening their offspring for 
uniform expression of the protein. Positive offspring are 
heterozygous for the transgene. Using these methods, 
stable transgenic zebrafish line (MLC2a::GFP) was gener- 
ated that expresses GFP specifically and uniformly in all 
atrial and ventricular card io myocytes. Like transient ex- 
pression, stable expression begins at approximately 24 
hours and persists through day 5 and into adulthood. 
Heterozygous transgenic zebrafish were intercrossed to 
generate homozygous transgenic zebrafish. There is no 
overt toxicity seen in either the heterozygous or homozy- 
gous embryos or adult zebrafish. It is believed that this is 
the first transgenic zebrafish made that expresses any 
protein (fluorescent or non-fluorescent) specifically in the 
embryonic heart. The MLC2a::GFP transgenic line can be 
used in the methods described herein. It can also be use- 
ful for isolating intact embryonic hearts and embryonic 
card io myocytes from dissociated embryos. 



[0114] jhe fish are imaged at day 3 post-fertilization. At this 
time, the embryos are out of their chorions and rest on 
the bottoms of the wells. For this assay, the orientation of 
the embryos does not matter. 

[0115] Scanning the plate and identifying fluorescent hearts: 

[0116] Through the use of journals (macros), an algorithm was 
developed in the Metamorph software for systematically 
scanning a 96-well plate and identifying fluorescently- 
tagged hearts. The algorithm performs the following 
functions: Each well is visited by the microscope's objec- 
tive. Within each well, 4 adjacent but non-overlapping 
quadrants are considered separately. Each quadrant is im- 
aged under fluorescent light and the maximum intensity 
in the image is calculated. If one or more fluorescent 
hearts are present in the quadrant, then the maximum in- 
tensity in the image will fall above a threshold that was 
determined empirically. If no fluorescent hearts are 
present, then the maximum intensity in the image will fall 
below the threshold. Using a branching variable, the mi- 
croscope will either move to the next quadrant if no 
hearts are detected or launch a series of operations if a 
heart is present in the quadrant. It is also possible to im- 
age the entire wells without breaking them down into 



quadrants. It is also possible to divide each well into up to 
16 subsections and each could be analyzed individually. 
For analyzing heart rates, using 4 subsections is pre- 
ferred. 

[0^1''] Imaging the fluorescent hearts and analyzing the images: 

[0118] When a heart is identified in a quadrant, the microscope 
and software together perform a series of operations con- 
trolled by the Metamorph journals. The microscope's ob- 
jective autofocuses on the heart and takes a short video of 
it beating. The video is then processed in the following 
manner. A "region" that is fixed in size is created around 
the heart in the first frame of the video. For each subse- 
quent frame of the video, the average intensity within that 
same fixed region is calculated. As the heart beats, the 
average intensity will vary based on the movement of the 
heart and, when plotted through time, the average inten- 
sity reflects the heart's periodicity. For each heart within a 
video, the average intensity through time data are calcu- 
lated and deposited into a log file. Each heart is analyzed 
separately and up to 12 hearts per video have been im- 
aged and analyzed successfully. Videos of variable lengths 
(either 32, 64, 128, or 256 frames at a rate of approxi- 
mately 18 frames per second) can be used. The larger 



numbers of frames yield more accurate heart rates but 
take longer to acquire. 
[0119] Analysis of the log file: 

[0120] Throughout the course of the plate being scanned, a size- 
able dataset or "log file" is generated. The log file contains 
a record of all of the individual operations of the micro- 
scope during the run. For instance, every time a quadrant 
is visited and analyzed for maximum intensity, a text 
message about that operation is deposited in the log file 
regardless of whether a heart is present in the quadrant. 
In addition, as described above, every time a heart is ana- 
lyzed, the average intensity through time data are also 
deposited in the log file. Therefore, the log file contains 
relevant data (the average intensity through time for each 
heart) embedded within extraneous information about the 
run. A Visual Basic program can be readily developed to 
(a) scan the log file and (b) extract the average intensity 
through time data for each heart and (c) disregard or dis- 
card extraneous information. The average intensity 
through time data are processed with a Fast Fourier 
Transform function and heart rates are determined. Indi- 
vidual heart rates and averages for each well are out- 
putted to a MS excel spreadsheet in a format that allows 



one to rapidly identify wells that contain embryos with ab- 
normally high or low heart rates. 

[0^21] Example 4: Isolation of embryonic hearts and cardiomyocytes 

[0122] This example describes the isolation of hearts and car- 
diomyocytes from MLC2a::GFP transgenic zebrafish em- 
bryos described herein. 

[0123] As described herein, it has been demonstrated that ze- 
brafish embryos can be used to identify agents that are 
potentially cardiotoxic in humans. It was shown that 22 of 
23 agents that cause repolarization abnormalities in hu- 
mans caused similar effects in the zebrafish cardiotoxicity 
assay. Eighteen of the 23 agents caused cardiotoxicity fol- 
lowing addition of the agent to the embryonic medium. 
Four of the agents, however, were not absorbed efficiently 
into the embryo as an effect was seen only following in- 
jection of these agents into the embryo. 

[0124] Jo circumvent the absorption barrier and increase the 

sensitivity of the assay one can study the effects of agents 
on purified hearts or cardiomyocytes. The MLC2a::GFP 
transgenic line makes purification of hearts and car- 
diomyocytes possible. Embryos are dissociated by treat- 
ment with a mucolytic agent (e.g. Dithiothreitol, N-acetyl 
cysteine, cysteine, and/or other mucolytic agent) and pro- 



tease (e.g. collagenase) or by mechanical dissociation (e.g. 
passage through a needle, e.g., a 19G needle, or similar 
method) and the embryonic hearts are released intact 
from the embryo. The hearts can be identified under fluo- 
rescent light by virtue of GFP expression and collected 
manually. Alternatively, released hearts can be enzymati- 
cally digested to completion and individual CFP+ car- 
diomyocytes purified from other embryonic cells by fluo- 
rescence activated cell sorting. Purified hearts and car- 
diomyocytes can be used in a host of biological and elec- 
trical assays, including assays to identify agents that 
cause cardiotoxicity. 
[0 1 25] Example 5: Permeabilization of zebrafish 

[0126] Once can also circumvent the absorption barrier and in- 
crease the sensitivity of the assay by permeabilizing the 
fish, e.g., by using high throughput enzymatic digestion. 
The following exemplary protocol for permeabilization 
can be used. 

[0127] Wash 3-day old larvae with either Cell dissociation 
buffer (CBD, Gibco/BRL) or Ca-free HBSS (lOX Ca- free 
HBSS: NaCI 80g/L, KCI 4g/L, MgCI2.6H20 Ig/L, 
MgS04.7H20 Ig/L, Na2HP04 0.48g/L, KH2P04 0.6g/L, 
NaHC03 3.5g/L, Glucose lOg/L) at least twice with com- 



plete exchanges in a Eppendorf tube. For the CDB this is 
best done at room temperature. 
[0128] 2. To the washed embryos add 1ml of proteinase K 

(80ug/ml in CDB) and gently invert the Eppendorf for 2 
minutes. 

[0^29] 3, Immediately remove all the proteinase K solution, and 
exchange in Ca2+ HBSS (Ca2+ HBSS:800uL of IM CaCI2 to 
each liter of IX Ca free HBSS). 

[0130] 4, Completely exchange the Ca 2+ HBSS at least 4 times. 

[0131] Example 6: Cardiac-specific co-expression methods 

[0132] This example describes the construction of a vector for 

identifying, monitoring, and/or evaluating card io myocytes 
that overexpress any protein of interest. 

[0133] It is possible to transiently overexpress proteins for sev- 
eral days in the zebrafish embryonic heart by injecting a 
transgene containing the MLC2a promoter upstream of a 
cDNA of interest. The distribution of the injected DNA is 
mosaic and therefore, only a fraction of the cardiomy- 
ocytes will overexpress the protein of interest. Unless the 
expressed protein is detectable, it is impossible to identify 
the expressing card io myocytes in live embryos. To cir- 
cumvent this difficulty, the invention features cardiac co- 



expression constructs that can simultaneously direct ex- 
pression of any protein of interest and a detectable, e.g., 
fluorescent, marker (such as CFP, nuclear-dsRed2 or 
membrane-YFP) in embryonic card io myocytes. The fluo- 
rescent protein serves as a marker for the card io myocytes 
expressing the protein of interest. 

[0134] jhe cardiac co-expression plasmids contains two expres- 
sion cassettes in a single DNA construct. Both expression 
cassettes contain the cardiac-specific MLC2a promoter. In 
the first cassette, the promoter drives expression of a flu- 
orescent protein (GFP, nuclear-dsRed2, or membrane YFP 
or other fluorescent protein) in embryonic in cardiomy- 
ocytes. The second expression cassette contains the 
MLC2a promoter, a multi-cloning site (MCS) and a 
polyadenylation signal. The cDNA for any protein of inter- 
est can be cloned into the multi-cloning site and it will be 
co-expressed with the fluorescent protein in embryonic 
cardiomyocytes (or other suitable detectable marker). 

[0135] As a proof or principle, the GFP cDNA was cloned into the 
MCS of a nuclear ds-Red2 co-expression plasmid, the re- 
sulting construct was injected into early zebrafish em- 
bryos, and the embryos were analyzed for expression of 
cardiac-nuclear-dsRed2 and cardiac-GFP at 50 hours post 



fertilization. Nuclear-dsRedZ and GFP were botli visible in 
a fraction of the card io myocytes and there mosaic expres- 
sion patterns perfectly overlapped. Thus, any cardiomy- 
ocyte that expressed nuclear-dsRed2 also expressed GFP. 
Therefore, it is possible to use nuclear-dsRedZ (or an- 
other fluorescent protein) as a marker for cardiomyocytes 
that express any protein of interest. This strategy can be 
utilized to overexpress two or more proteins in zebrafish 
cardiomyocytes and evaluate the effects of overexpression 
on any aspect of cardiomyocyte biology. A similar strategy 
has been previously used to demonstrate that over- 
expression of Reptin enhances embryonic cardiomyocyte 
proliferation (Rottbauer et al., 2002). However, since the 
expression cassettes used by Rottbauer et al. were carried 
on two different plasmids, co-segregation could not be 
guaranteed. By placing the expression cassettes into one 
DNA construct, co-segregation and co-expression is as- 
sured. 

[0136] These co-expression constructs can be used to implicate 
candidate proteins in QT prolongation, for structure/func- 
tion studies on proteins known to cause QT prolongation, 
and for assaying how overexpression of any protein modi- 
fies the heart's and/or cardiomyocyte's response to treat- 



ment with chemical agents. 

[0137] All cited publications and patents are hereby incorporated 
by reference in their entirety. A number of embodiments 
of the invention have been described. Nevertheless, it will 
be understood that various modifications may be made 
without departing from the spirit and scope of the inven- 
tion. Accordingly, other embodiments are within the scope 
of the following claims. 

[0138] References 

[0139] i.Camm, A.J., M.J. Janse, D.M. Roden, et al. Congenital 
and acquired long QT syndrome. Eur Heart J, 2000. 
21(15): 1232-7. 

[0140] 2. Keating, M.T. and M.C. Sanguinetti. Molecular and cellu- 
lar mechanisms of cardiac arrhythmias. Cell, 2001. 104(4): 
569-80. 

[0^41] 3. Roden, D.M. Pharmacogenetics and drug-induced ar- 
rhythmias. Cardiovasc Res, 2001. 50(2): 224-31. 

[0142] 4.Antzelevitch, C. and J. Fish. Electrical heterogeneity 

within the ventricular wall. Basic Res Cardiol, 2001. 96(6): 
517-27. 

[0143] S.Yang, T., D. Snyders, and D.M. Roden. Drug block of 

l(kr): model systems and relevance to human arrhythmias. 
J Cardiovasc Pharmacol, 2001. 38(5): 737-44. 



[0144] 6.Eckardt, L., W. Haverkamp, M. Borggrefe, et al. Experi- 
mental models of torsade de pointes. Cardiovasc Res, 
1998. 39(1): 178-93. 

[0145] /.Baker, K., K.S. Warren, C. Yellen, et al. Defective "pace- 
maker" current (Ih) in a zebrafish mutant with a slow heart 
rate. Proc Natl Acad Sci USA, 1997. 94(9): 4554-9. 

[0146] S.Warren, K.S. and M.C. Fishman. "Physiological ge- 
nomics": mutant screens in zebrafish. Am J Physiol, 1998. 
275(1 Pt 2): Hl-7. 

[Oi^^] 9.Nasevicius, A. and S.C. Ekker. Effective targeted gene 

'knockdown' in zebrafish. Nat Genet, 2000. 26(2): 216-20. 

[0148] lo.De Clerck, F., A. Van de Water, J. D'Aubioul, et al. In 

vivo measurement of QT prolongation, dispersion and ar- 
rhythmogenesis: application to the preclinical cardiovas- 
cular safety pharmacology of a new chemical entity. Fun- 
damental & Clinical Pharmacology, 2002. 16: 125-140. 

[0149] ii.Verheijck, E.E., A.C. van Ginneken, J. Bourier, et al. Ef- 
fects of delayed rectifier current blockade by E-4031 on 
impulse generation in single sinoatrial nodal myocytes of 
the rabbit. Circ Res, 1995. 76(4): 607-15. 

[0150] i2.Roden, D.M. Acquired long QT syndromes and the risk 
of proarrhythmia. J Cardiovasc Electrophysiol, 2000. 11(8): 
938-40. 



[0151] is.Antzelevitch, C, Z.Q. Sun, Z.Q. Zhang, et al. Cellular 
and ionic mechanisms underlying erythromycin-induced 
long QT intervals and torsade de pointes. J Am Coll Car- 
diol, 1996. 28(7): 1836-48. 

[0152] i4.pham, T.V. and M.R. Rosen. Sex, hormones, and repo- 
larization. Cardiovasc Res, 2002. 53(3): 740-51. 

[Oiss] i5.Yang, P., H. Kanki, B. Drolet, et al. Allelic variants in 
long-QT disease genes in patients with drug-associated 
torsades de pointes. Circulation, 2002. 105(16): 1943-8. 

[0154] le.Sesti, F., G.W. Abbott, J. Wei, et al. A common poly- 
morphism associated with antibiotic-induced cardiac ar- 
rhythmia. Proc Natl Acad Sci USA, 2000. 97(19): 
10613-8. 

[0155] i7.Roden, D.M. and A.L. George, Jr. The genetic basis of 
variability in drug responses. Nat Rev Drug Discov, 2002. 
1(1): 37-44. 

[0156] i8.Splawski, I., K.W. Timothy, M. Tateyama, et al. Variant 
of SCN5A sodium channel implicated in risk of cardiac ar- 
rhythmia. Science, 2002. 297(5585): 1333-6. 

[0157] 19. Rottbauer et al. (2001) Developmental Cell, Vol 1, 
265-275. 

[0158] 20. Barrionuevo and Burgren; Am J Physiol 1999 
Feb;276(2 Pt 2):R505-13. 



[0159] 21. Warren et al.; Am J Physiol Heart Circ Physiol 2001 
Oct;281(4):H1711-9. 



